Pyrolysis of biomass including palm shell, palm kernel, and cassava pulp residue was studied in a laboratory free-fall reactor with three separated hot zones. The effects of pyrolysis temperature (250-1050 ∘ C) and particle size (0.18-1.55 mm) on the distribution and properties of pyrolysis products were investigated. A higher pyrolysis temperature and smaller particle size increased the gas yield but decreased the char yield. Cassava pulp residue gave more volatiles and less char than those of palm kernel and palm shell. The derived solid product (char) gave a high calorific value of 29.87 MJ/kg and a reasonably high BET surface area of 200 m 2 /g. The biooil from palm shell is less attractive to use as a direct fuel, due to its high water contents, low calorific value, and high acidity. On gas composition, carbon monoxide was the dominant component in the gas product. A pyrolysis model for biomass pyrolysis in the free-fall reactor was developed, based on solving the proposed two-parallel reactions kinetic model and equations of particle motion, which gave excellent prediction of char yields for all biomass precursors under all pyrolysis conditions studied.
Introduction
Pyrolysis is a viable thermal process for efficient and economical conversion of biomass into alternative energy in forms of solid char, liquid biooil, and combustible gases [1] . Based on the pyrolysis time and heating rate, the pyrolysis process can be classified into conventional and fast or flash pyrolysis. Conventional pyrolysis may also be termed "slow pyrolysis. " This type of pyrolysis is defined as the one which occurs under a slow heating rate (less than 10 ∘ C/s), slow heat transfer rate in the reaction zone, and relatively long mean residence time [2] . Normally, conventional pyrolysis has been used mainly for charcoal production. Conversely, fast or flash pyrolysis is a thermal decomposition process that occurs at a high heating rate and short mean residence time. Heating rate of flash pyrolysis is around 100 ∘ C/s, or even 10,000 ∘ C/s, and the mean residence time is normally less than 2 seconds [2] . Flash pyrolysis process generally produces 45-75 wt% of liquid, 15-25 wt% of solid, and 10-20 wt% of noncondensable gases, depending on the feedstock used and pyrolysis conditions. Generally, solid, liquid, and gas produced from pyrolysis are of prime interest for use as a primary fuel. However, a number of researchers [3, 4] have directed attention towards investigating the effect of pyrolysis conditions on maximizing the yield of pyrolytic liquids which show promise as a substitute for petroleum based fuel. Since the liquid product or biooil from the pyrolysis process is composed of a large number of oxygenated compounds, its fuel properties do not conform to the standards of petroleum based fuels. It is therefore necessary to upgrade the crude oil along with some kinds of pretreatment before it can be fully utilized in any combustion systems [5] . Due to the numerous utility of pyrolysis products and in particular the potential application of biooil, the present work is thus concentrated on the flash pyrolysis of biomass which is capable of producing a high proportion of liquid product.
In this work, a laboratory free-fall reactor with a central heated zone is proposed for the study of biomass flash pyrolysis. A free-fall reactor has been widely used in laboratory studies on flash pyrolysis due to the following advantages: it provides high heating rate, determinations of mass balance and mean residence time are simple and straightforward [6] , the mean residence time can be moderately controlled [6] , and the kinetic parameters can be conveniently examined from the pyrolysis results.
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Due to a large number of complex reactions involved in the pyrolysis process, different model approaches have been proposed for the analysis of pyrolysis kinetics and mechanism such as the global kinetics model [7] , the Brodi-Shafizadeh model [8] , the two-parallel reactions model [9] , and the three pseudocomponents model [10] . In this study, the two-parallel reactions model was adopted and used to describe the pyrolysis mechanism. According to Luangkiattikhun et al. (2008) [9] , the prediction of pyrolysis kinetics by the two-parallel reactions model gave excellent fitting with the experimental results from TGA for all palm solid wastes under the pyrolysis conditions investigated. However, as opposed to studying pyrolysis in the static mode, the analysis of pyrolysis in a freefall reactor requires the consideration of relevant forces acting on the falling particles. Also, the particle velocity and drag force can be affected by particle properties and properties of the flowing fluid which are changing along the pyrolysis reactor. In summary, the present work aims to study the distribution and properties of pyrolysis products from three types of biomass wastes, namely, palm shell, palm kernel cake, and cassava pulp residue in a three-zone free-fall reactor as well as the kinetic modeling of the pyrolysis process.
Experimental Section

Material Characterization.
Three types of biomass were studied in a laboratory free-fall pyrolysis reactor, including palm shell (PS), cassava pulp residue (CPR), and palm kernel (PK). These raw materials were milled and sieved to obtain average particle sizes in the range from 0.18 to 1.55 mm for palm shell and 0.28 mm for palm kernel and cassava pulp residue. Each sample was dried in an electric oven at 110 ∘ C for 24 h to remove the excess moisture and kept in a desiccator for subsequent characterization and pyrolysis experiments.
Compositions of the biomass precursors were characterized by means of proximate and ultimate analyses. Proximate analysis was performed according to ASTM method to determine the weight percentage of moisture (ASTM D2867-95), volatile matter (ASTM D5832-95), ash content (ASTM D2866-94), and fixed carbon (by difference). Ultimate analysis, determined with a CHNS/O analyzer (Perkin Elmer PE2400 series), gives information on weight % of carbon, nitrogen, hydrogen, sulfur, and oxygen (by difference). True and apparent densities of the test biomasses and char product were measured with a helium pycnometer (Accu Pyc 1330, Micromeritics). In addition, thermal decomposition of biomass precursors was determined with a thermogravimetric analyzer (SDT 2960 DSC-TGA model, TA Instruments), using nitrogen (99.99% purity) as an inert carrier gas.
Flash Pyrolysis in a Free-Fall Reactor.
A standard vertical tube furnace supplied by Carbolite, UK, was employed for the heating of a free-fall pyrolysis reactor. The attached alumina tube coming with the furnace has an internal diameter of 0.1 m and an overall length of 1.10 m. It has a centrally heated zone of 0.20 m in length and the upper and lower nonheated sections of 0.45 m long for each section. The free-fall reactor used for the pyrolysis study, which was fabricated from a stainless steel pipe of 0.04 m I.D. and has the same length as the furnace, was inserted inside the alumina tube. Figure 1 shows the temperature profile inside the reactor for various setting temperatures of the central hot zone, starting from the top of reactor for zone I to be called preheating zone, followed by zone II (heated zone) and zone III (cooling zone), respectively. Figure 2 shows the schematic diagram of the free-fall reactor system and Table 1 lists the operating conditions used. For each experimental run, the furnace was turned on and nitrogen gas was admitted into the reactor from the bottom and flew upward at the rate of 200 cm 3 /min, corresponding to the flow velocity of 2.65 × 10 −3 m/s. When the desired pyrolysis temperature was reached, a batch of 50 g of biomass sample was continuously fed from the top into the reactor at a rate of 0.6 g/min by a calibrated screw feeder. The char produced dropped to the bottom part of the reactor and it was collected in a solid collector. The pyrolysis vapor flew out the reactor and passed through a condenser where the liquid product and entrained solid were collected. The condenser operated at −10 ∘ C using a temperature-controlled bath filled with a glycerine-water mixture. At the completion of each run, the solid and liquid products left in the condenser were separated and weighed. The total yields of liquid and char products were calculated based on the total amount of biomass fed into the system. The gas yield was estimated by mass balance knowing the total yields of both the solid and liquid products. The apparent density of final char product ( ) was estimated from the total weight of collected char and volume of a 50 g batch of biomass feed calculated from the apparent density of the feed particles, assuming that there is no change in the char particle volume during the course of biomass pyrolysis.
Analysis of Pyrolysis Products.
Liquid products collected from palm shell pyrolysis were analyzed for physicochemical properties. Water in the biooil was removed by isotropic distillation with toluene [11] . A chemical analysis of the dewatered biooil was determined by gas chromatography (Varian CP-3800) equipped with a capillary coated with VF-5MS (30 m × 0.39 mm and 0.25 m film thickness). In addition, the biooil derived from biomass pyrolysis was also analyzed for its calorific value (ASTM D240-92), density (Gay-Lussac bottle), viscosity (ASTM D445-96), and water by the Karl Fischer Titration.
The solid product derived from pyrolysis of palm shell was characterized for elemental analysis (CHNS/O analyzer, Perkin Elmer PE2400 series II). Proximate analysis, consisting of moisture content (ASTM D2867-95), volatile content (ASTM D5832-95), ash content (ASTM D2866-94), and fixed carbon content was also determined according to ASTM procedures. Furthermore, the true density and porous properties of char product were analyzed by using a helium pycnometer (Accupyc 1330 Micromeritics) and Autosorb-iQ (Quantachrome), respectively.
The gas product was characterized by a gas chromatograph (Varian CP-3800) equipped with a thermal conductivity detector (TCD). A capillary coated with CP-Carboplot (27.5 m × 0.53 mm and 0.25 m film thickness) was used for the analysis of CO 2 , CO, H 2 , and CH 4 .
Modeling of Biomass Pyrolysis in a Free-Fall Reactor
For the modeling of biomass pyrolysis, it is assumed that no particle shrinkage occurs; that is, diameter of a biomass particle remains constant during the course of pyrolysis reaction and that there is no heat and mass transfer resistances across the pyrolyzed particle. The following equations form the basis of pyrolysis modeling for a three-zone free-fall reactor studied in this work.
Equation of Particle Motion.
The equation of motion for a spherical char particle settling in a flowing fluid is derived based on the conservation of momentum which states that the rate of change of momentum equals the net forces acting on the particle due to gravity, buoyancy, and drag forces. Mathematically,
or after rearranging,
where V = particle velocity, = particle apparent density (weight of particle/volume of solid and void), = particle diameter, V = gas velocity, = gas density, = drag coefficient, a function of Reynolds number = 18/Re 0.6 , 1 ≤ Re ≤ 1000, and Re = particle Reynolds number = (V − V ) / .
Pyrolysis Kinetic Equations.
The two-parallel reaction kinetic model [9] was adopted in this work to describe the conversion of pyrolyzed particles along the vertical distance of the reactor. It is based on the assumption that a biomass consists of two major components, with weight fractions and , that decompose independently into volatile and char products, according to the following rate equations:
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where , , , , R, and are density of biomass component, the preexponential factor, activation energy, order of reaction, gas constant, and absolute temperature, respectively. Subscripts 1 and 2 refer to component 1 and 2 of the biomass, respectively. 1 and 2 are equal to and , respectively, and represents the apparent density of a char particle. The temperature zones inside the reactor are displayed in Figure 1 which indicates that the reactor can be divided from the top of reactor into three consecutive regions: (i) preheating zone, (ii) heated zone, and (iii) cooling zone. The above kinetic expressions for the pyrolysis of the first and second components in the three hot zones of the reactor can now be written in terms of reactor length ( ) by employing the relation, V − V = / , to obtain the following.
(1) Preheating zone (Zone I):
1st component:
2nd component:
(2) Heated zone (Zone II):
(3) Cooling zone (Zone III):
0.60
2nd component: 
The initial weight fractions of the first and second components are designated as and and the sum of the two numbers equal to unity. The apparent density of each biomass component ( 1 and 2 ) leaving one zone will be the initial density for the next adjacent zone. To simplify the calculation, fluid properties and fluid velocity are assumed to be constant at the average temperature of that zone. 1 ( ) and 3 ( ) are the temperature profiles of the preheating and cooling zone of the reactor, respectively. The estimation of these temperatures at various positions along the reactor is obtained directly from the reactor temperature profile as displayed in Figure 1 . The calculation scheme commences by first setting the initial values of kinetic parameters 1 , 2 , 1 , 2 , 1 , 2 , and , and , , Re , and V for the condition at the reactor inlet. The inlet particle velocity was estimated by the equation,
Then, the computation is performed by numerical method to obtain the values of and V as a function of reactor length which include those at the reactor exit, using (4)- (9) . The calculation is repeated to obtain an optimum set of kinetic parameters, using the nonlinear least square (NLS) algorithm to minimize the objective function defined as
2 , where exp, and cal, represent the experimental and calculated char product density (char density at the reactor exit). Subscript denotes the discrete values of , and is the number of data points used in the model fitting. Next, the calculated char yield is computed from the calculated char density by the following equation:
where and feed are the product char density and the feed particle density, respectively. Table 2 presents the proximate and ultimate analysis of the biomass precursors. It is seen that the biomass samples contain more than 70% of volatile matters with cassava pulp residue having the highest volatile content. The high volatile matter found in the samples suggests the high potential of these residues for energy production by pyrolysis [12] ; high levels of volatile matter result in more liquid and gas fuel to be obtained from the pyrolysis process. The fixed carbon content is the carbon found in the biomass that is left after volatile matters are driven off and it is used as an estimate of the amount of solid product left after the pyrolysis of biomass [13] . The fixed carbon reported in Table 2 indicates that the solid yield of pyrolysis from palm shell is higher than those of palm kernel and cassava pulp residue. Table 2 indicates that the carbon content of biomass precursor varies from 43.08 to 49.34%. Generally, higher carbon content leads to a higher heating value of solid combustion [14] , thus making these biomasses to be good precursors for energy production. The results also indicate that the sulfur content in the biomass precursors is much lower than most typical fossil fuels (bituminous coal 0.5-1.5%, typical distillate oil 0.2-1.2%) [15] . This suggests that
Results and Discussion
Biomass Properties.
International Journal of Chemical Engineering 5 thermal decomposition of biomass should give lower sulfur emission than fossil fuels. The reason that biomass fuels are almost devoid of sulfur and coupled with its low ash content has made biomass a highly desirable fuel from the standpoint of pollution control cost. In addition, the composition of biomass ash which contains alkaline metals (e.g., Na, K, Mg, and Ca) can react with the released sulfur dioxide as well [16] . Overall, the use of biomass as a fuel creates less environmental problems. Table 2 also shows the true and apparent densities of the test biomasses.
Thermal Behavior of Biomass.
In this work, TGA is used as an analytical technique to study the thermal decomposition behavior of biomass sample in an inert atmosphere of N 2 . The results of TGA analysis are displayed in Figure 3 which show the weight loss curves (TG) and derivative thermogravimetric (DTG) evolution profiles as a function of heating temperature. As can be observed from TGA results, the cassava pulp residue started to decompose first followed by palm kernel and palm shell. Thermal decomposition of the biomass precursors started at approximately 250 ∘ C, possibly by the liberation of inherent moisture. Then it was followed by a major loss of weight where the main devolatilization occurs over the temperature range from 250 to 400 ∘ C. Further observation indicates that cassava pulp residue and palm kernel showed one DTG peak while palm shell exhibited a two peak characteristic. This is attributed to the differences in the cellulosic composition of the biomass and the pyrolysis behavior of each biomass component. Typically, hemicellulose decomposition occurs over the temperature of 200-260 ∘ C [17] , cellulose between 240 and 350 ∘ C [18] , and lignin decomposes when heated over the wider range of 280-500
Pyrolysis in a Free-Fall Reactor.
On studying the effect of pyrolysis temperature and particle size, the experiments were conducted on palm shell with nine different pyrolysis temperatures (heated zone temperature) and six different particle size ranges under a fixed sweep gas flow rate of 200 cm 3 /min. For the effect of biomass type, the experiments were performed with different precursors under a fixed sweep gas flow rate of 200 cm 3 /min and particle size of 0.28 mm. Figure 4 shows the final solid, liquid, and gas yields derived from palm shell pyrolysis expressed as a fraction of the initial sample weight for different particle sizes and pyrolysis temperatures. For all particle sizes, the solid yields continuously decreased as the temperature was increased (see Figure 4 (a)). At a high pyrolysis temperature, the solid yields tended to become constant approaching the value of 15% except for the particle size greater than 0.36 mm and the highest conversion is achieved for the smallest size particles. Also, the thermal decomposition of a small particle size started at the lower pyrolysis temperature than that of a larger particle size. Moreover, at a fixed pyrolysis temperature, the solid yield increased with increasing in particle size. This can be explained by the fact that a larger size particle has a greater temperature gradient due to the longer heat diffusional path. This effect leads to a lower average particle temperature and hence giving less solid conversion by the pyrolysis reaction. As a result of this behavior, to cover a wide range of solid yield or solid conversion for large particle size, it is necessary to extend the length of heated zone of the reactor to allow sufficient time for increased solid decomposition. Figure 4 (b) shows the effect of palm shell particle size and pyrolysis temperature on the yields of liquid product. The liquid yield increased with the increasing of pyrolysis temperature and passed through a maximum at temperature around 650 ∘ C for particle size of 0.18 mm and at 750 ∘ C for particle size in the range of 0.23-0.36 mm. For particle size larger than 0.36 mm, the liquid yield tended to increase continuously with increasing pyrolysis temperature. The decrease in liquid yield and the corresponding increase in gas yield (see Figure 4 (c)) above the optimum pyrolysis temperature are probably caused by the decomposition of some liquid vapors in the gas product. It is also noted that there was no liquid product being produced from the pyrolysis of the largest size of 1.55 mm at the temperature below 1000 ∘ C. From Figure 4 (c), it is seen that higher pyrolysis temperature and small particle size led to more volatilization resulting in higher yield of gaseous products. The increase in gaseous products is believed to be predominantly due to secondary cracking of the pyrolysis vapors at higher temperatures [19] . At high pyrolysis temperatures both the rate of primary pyrolysis and the rate of thermal cracking of tar to gaseous products are expectedly high. Further, a smaller particle is expected to produce higher gas yield because of the higher heat up rate and heat flux as compared to the larger particles. This observation agrees with the work of Wei et al. (2006) [20] who studied the effect of particle size on product distribution from pyrolysis of pine sawdust and apricot stone in a free-fall reactor at 800 ∘ C. They reported that the decrease of biomass particle size contributed to an increase in the gas yields. Figure 5 (a) compares the solid yields from pyrolysis of palm shell, palm kernel, and cassava pulp residue at various pyrolysis temperatures. The cassava pulp residue started to decompose at a lower pyrolysis temperature than palm kernel and palm shell. These results are also consistent with the results from the TGA analysis ( Figure 2 ). It was also found that the thermal decomposition behavior of biomass was consistent with the amount of volatile matter content. Biomass with a high volatile matter can be easily decomposed by heating than that with lower volatile content. Therefore, cassava pulp residue which has the highest amount of volatile matter (83.86 wt%) could decompose more rapidly than palm kernel (79.62 wt%) and palm shell (72.56 wt%). The yield of liquid product ( Figure 5(b) ) was found to increase with pyrolysis temperature to give a maximum value at around 400 ∘ C for cassava pulp residue and at 520 ∘ C for palm shell and palm kernel, and then it decreased with increasing in pyrolysis temperature. The decrease in liquid yields and the corresponding increase in gas yields above the optimum temperature (see Figure 5 (c)) are probably due to secondary cracking of the pyrolysis vapor at relatively high temperatures [21] . Furthermore, the secondary decomposition of the char at higher temperatures may as well give additional noncondensable gaseous product [22] . Figure 5(c) shows that the gas yield increased over the whole temperature range and the pyrolysis of cassava pulp residue gave higher gas product than those of palm kernel and palm shell. This is probably due to the differences in cellulosic components of these biomasses. The cellulose and hemicellulose components of biomass are mainly responsible for the volatile portion of the pyrolysis products while lignin is the main contributor to the formation of char [21] .
Typical characteristics of char, liquid, and gas product derived from palm shell pyrolysis at temperature of 650 ∘ C, N 2 flow rate of 200 cm 3 /min, particle size of 0.28 mm, and feed rate of 0.6 g/min are listed in Table 3 . Proximate analysis indicates that the main component in char is fixed carbon. It may be that during pyrolysis, hydrogen and oxygen were consumed via reactions of dehydrogenation and deoxygenation to produce CO 2 , CO, H 2 , H 2 O [23] . This should cause the decrease in the molar ratio of H/C and O/C in char. Calorific value of the derived char is 29.87 MJ which is comparable to that of coal (∼35 MJ) [24] . Porous characteristics of char indicates that the derived char has reasonable BET surface area of around 200 m 2 /g and contains mainly microspores which account for about 80% of the total pore volume.
Crude biooil displayed opaque dark color and gave the single phase chemical solution. Density of crude biooil (1.16 g/cm 3 ) is denser than that of diesel fuel (0.78 g/cm 3 ) and heavy fuel oil (0.85 g/cm 3 ). The crude biooil shows relatively low viscosity characteristic of 3.5 cP at 40 ∘ C. The low viscosity is associated with the high value of water content (51 wt%) present in the crude biooil. Generally, the water content in biooil is mainly derived from the decomposition of ligninderived materials [25] . The crude biooil shows a high acid level; pH at room temperature is about 2.67. It has been reported that biooil with low pH is very corrosive to the metals [26] . The corrosiveness of biooils is more severe when the water content is high and also when biooils are used at a high temperature [27] . In addition, removing of water from the crude biooil gave rise to an increase in calorific value from 5.8 to 35.3 MJ/kg. According to these results, the removal of water from biooil still gives calorific value lower than that of commercial diesel oil fuel (45.0 MJ/kg) [28] . GC analysis results show that the derived biooil provides a source of potential chemical feedstock such as octane, phenol, furfural, benzene, toluene, xylene, and styrene. As shown in Table 3 , the gas products consist of CO, CO 2 , CH 4 , and H 2 with CO being the dominant components among the others. Figures 6 and 7 compare the model predicted and experimental char yields as a function of heated zone temperature for varying initial particle sizes and types of biomass, respectively. Excellent agreement between the experimental data and the model prediction is discernible. The kinetic parameters (E, A and n), maximum error, and correlation coefficient ( 2 ) estimated from the model are summarized in Table 4 . It was found that for all conditions, the values of the correlation coefficient are higher than 0.99 and with the maximum error of estimate being less than 7.2%. This proves that the pyrolysis model proposed in this study can be used to describe the thermal decomposition behaviors of the test biomasses in a free-fall reactor within acceptable accuracy.
Kinetics of Biomass Pyrolysis.
As observed from Table 4 , the first component appears to have higher activation energy ( 1 ) than that of the second component ( 2 ). This indicates that the first component requires a larger amount of energy to initiate the pyrolysis reaction as compared to the second component. Also, the first biomass component has higher value of the preexponential factor. In addition, the larger value of in comparison with that of signifies that the decomposition of biomass precursor should be contributed predominantly by the second component. For this work, the lignocellulosic component of biomass has been analyzed by the Kurschner-Hoffer method for holocellulose extraction and the Klason method for lignin determination [29] . It has been found that palm shell contains 45.42% cellulose, 21.74% hemicellulose, and 17.64% lignin; palm kernel contains 30.4% cellulose, 25.12% hemicellulose, and 15.72% lignin; and cassava pulp residue contains 15.6% cellulose, 4.6% hemicellulose, and 2.2% lignin. Based solely on these data, it could be inferred that the first component (smaller weight fraction) is probably contributed by lignin, and the second component (larger weight fraction) by both the cellulose and hemicellulose. It is further observed that, for palm shell pyrolysis, the kinetic parameters ( , and ) appear to vary with particle size but showing no definite trend. In principle, the kinetic parameters should be constant and independent of particle size if the pyrolysis process is indeed a true kinetic control. This observed inconsistency probably results from the influence of heat and mass transfer limitations which are not taken into account by the present pyrolysis model.
The variation of char yield of the three biomass precursors with pyrolysis temperature is illustrated in Figure 7 . Over the pyrolysis temperature range studied, the char yield of cassava pulp residue was lower than those of palm kernel and palm shell. This indicates that cassava pulp residue should decompose more rapidly than both palm kernel and palm shell. This result is consistent with the much lower values of activation energies ( 1 and 2 ) of cassava pulp residue compared to those of palm shell and palm kernel pyrolysis, as shown in Table 4 . Based on the obtained kinetic parameters, the predicted profiles of char yield from palm shell pyrolysis versus the length of the free-fall reactor are calculated and presented in Figure 8 . As seen, palm shell (0.28 mm in size) starts to decompose in the first zone and appears to reach the completion of devolatilization in the second zone of the reactor for pyrolysis above 650 ∘ C. Also, the decomposition of biomass precursor does not occur at a relatively low pyrolysis temperature of 250 ∘ C at which only 1% reduction in the char yield is observed.
The relationship between the flow regime and the characteristics of char product as influenced by the pyrolysis process can be further examined by plotting particle Reynolds number (Re = (V − V ) / ) versus Archimedes number (Ar = ( − ) 3 / 2 ), as delineated in Figure 9 .
The pyrolysis behavior of biomass with reference to particle motion can be divided into three separate regimes. For small particle size ( < 0.36 mm), the relatively low values of Re and Ar are found in this zone. This indicates a large reduction of char particle density which in turn affects the velocity of biomass particle. The values of Ar and Re in this zone are lower than unity which indicate that viscous force acting on The relationship between particle Reynolds number and Archimedes number for biomass pyrolysis in a three-zone free-fall reactor.
the particle is much larger than gravity force, thus rendering the particle to move slowly. The slow moving particles will experience a long residence time in the reactor, resulting in the high weight loss of particles. In the intermediate zone for = 0.36-0.55 mm, the Archimedes number rises continuously with approximately fivefold increase for about an order of magnitude increase of Reynolds number from 1 to about 10, and remains substantially constant up to the Reynolds number of 100. In the last zone for > 0.55 mm, the Archimedes number increases markedly over a small increase of Reynolds number before finally attaining a constant value of around 7.5. The extent of pyrolysis reaction for a relatively large size particle is much reduced by the rapid settling of particles that does not allow sufficient time for complete devolatilization to occur.
Conclusions
The pyrolysis temperature, particle size, and type of biomass precursor had a significant effect on the yields and properties of pyrolysis products in a three-zone free-fall reactor. It was observed that the thermal decomposition of biomass did not occur when the biomass particle was larger than 1.55 mm due to a relatively short central heated zone of 20 cm in length.
For the biooil product, its yield increased continuously with the increase in pyrolysis temperature and passed through a maximum when an optimum temperature was reached. Typical biooil from palm shell pyrolysis is less attractive to be used as a direct fuel, due to its high water content, low calorific value, and a high acid level (pH = 2.67). The derived solid product (char) had reasonably high calorific value 29.87 MJ/kg comparable to that of coal (∼35 MJ/kg) and showed reasonable BET surface area of about 200 m 2 /g. The gas product contained CO, CO 2 , CH 4 , and H 2 with CO being the dominant component. The pyrolysis model developed for the free-fall reactor in the present study predicted extremely well the char yields under all pyrolysis conditions studied.
